ABSTRACT: Capelin Mallotus villosus is the most abundant pelagic fish species in boreal and subarctic waters. The ecological and commercial importance of capelin emphasizes the need for a better understanding of the genetic population structure of the species and the mechanisms underlying its population dynamics. With this aim, 1155 capelin from the entire distributional range of the species were genotyped using 9 recently-developed microsatellite markers. The genetic analyses clearly demonstrated that the circumpolar capelin population can be divided into 4 regional groups: (1) West Pacific, (2) East Pacific, (3) Newfoundland, and (4) Northeast Atlantic and West Greenland. Highly significant genetic differentiation was observed between capelin from the western and eastern Pacific, and a high assignment success within both regions indicated minimal gene flow between these populations. Within the Atlantic Ocean, the Newfoundland population was differentiated from all the other samples. Among the remaining samples within the Atlantic Ocean the microsatellite data were less conclusive. Comparison of our results with studies of species with similar distribution, duration of planktonic stages and dispersal capacity suggests that genetic structuring of capelin within the complex system of the Northeast Atlantic Ocean cannot be ruled out.
INTRODUCTION
The capelin Mallotus villosus (Müller, 1776 ) is one of the most abundant fish species in the sub-arctic ecosystem. It plays a key role as an intermediary in energy conservation from production at lower (zooplankton) to higher trophic levels, e.g. whales, seals, birds and other fish species (Wassmann et al. 2006) . It is, furthermore, important for commercial fisheries in the Atlantic Ocean, with annual landings of 0.8-2.1 × 10 6 t ,whereas landings in the Pacific Ocean are considerable smaller (≤4000 t, Carscadden & Vilhjálmsson 2002) .
Capelin is widespread throughout the sub-arctic regions of the Pacific and Atlantic Oceans and it is rare along the Arctic coasts of Russia and Canada. For reviews of the distribution and general ecology of capelin, we refer to Stergiou (1989) , Gjøsaeter (1998) and Vilhjálmsson (2002) . The marginal distribution of capelin towards high latitudes is governed by subarctic water circulations (Dunbar 1983) . Hence, Stergiou (1989) attributed the discontinuous pattern of capelin populations within the Arctic Ocean to survival of relicts from warmer periods in the past. In this regard, it is of note that rising sea temperatures will enhance the dispersal and mixture of capelin populations in the Arctic Ocean, as has been observed within the Pacific Ocean and the Barents Sea (Naumenko 1996 , Gjøsaeter 1998 . Like other members of the Osmeridae, capelin may undertake extensive spawning and feeding migrations (Gjøsaeter 1998 , Vilhjálms-son 2002 . Inshore capelin, e.g. capelin from Norwegian fjords, West Greenland and Alaska, spend most of their lives within a limited geographical area (Brown 2002 , Friis-Rødel & Kanneworff 2002 . Whether these populations are reproductively isolated is not yet known. Capelin displays one of 2 alternative reproductive modes; it spawns on the substratum either on the beach or in deeper oceanic water (Carscadden et al. 1989 , Stergiou 1989 . The ocean-spawning capelin appear to be strictly semelparous (i.e. both sexes die after a single reproductive event), whereas beachspawning capelin are both semelparous and iteroparous (i.e. death after 2 or more reproductive events) (Christiansen & Siikavuopio 1998 , Gjøsaeter 1998 . After hatching, the larval drift is directed by ocean and wind-induced surface currents (Gjøsaeter 1998) . The immature ocean capelin often migrate long distances to find suitable feeding grounds, whereas local populations complete their entire life cycle in nearshore waters and fjords (Brown 2002 , Friis-Rødel & Kanneworff 2002 , Vilhjálmsson 2002 . Thus, it is first and foremost the larval and immature stages of capelin that have high potential for dispersal, though mature capelin may also undertake spawning migrations across vast geographical distances, e.g. the Barents Sea capelin (Behrens et al. 2006) .
Understanding of the circumpolar genetic population structure of capelin is as yet fragmentary. The genetic relationship of capelin populations within the Pacific Ocean and between the Pacific and Atlantic Oceans has not been investigated previously. Within the Atlantic Ocean, the Newfoundland capelin can be genetically discriminated from capelin in western Greenland (Payne 1976) , Iceland (Dodson et al. 1991) , and the Barents Sea (Dodson et al. 1991 , Birt et al. 1995 , Røed et al. 2003 . Previous studies have failed to resolve the genetic structuring of capelin on smaller geographical scales, e.g. genetic differentiation of Barents Sea capelin from a local fjord population (Balsfjord) (Mork & Friis-Sörensen 1983) and between ocean and beach spawning capelin from Newfoundland (Dodson et al. 1991) . However, Roby et al. (1991) showed that capelin in the St. Lawrence estuary and Gulf of St. Lawrence (eastern Canada) could be differentiated into eastern and western populations using a combination of morphometric and genetic methods.
The ecological and economical importance of capelin clearly emphasizes the need for a better understanding of the genetic population structure of the species and the mechanisms underlying its population dynamics. Whereas previous studies on population genetics of capelin have used polymorphic proteins (allozymes) (Payne 1976 , Mork & Friis-Sörensen 1983 , Sørensen & Simonsen 1988 , Roby et al. 1991 ) and mtDNA as genetic markers (Dodson et al. 1991 , Birt et al. 1995 , a set of di-and tetranucleotide microsatellite DNA markers has recently been developed for capelin population discrimination (Røed et al. 2003 , Gordos et al. 2005 . The advantage of microsatellite markers compared to other genetic markers is that they are putatively neutral and highly polymorphic, their codominant alleles are easy to score, and they provide more informative results than other markers (cf. e.g. Sunnucks 2000) . Here, we employ a selected set of the new microsatellite markers to examine the genetic population structure of capelin over its entire distributional range.
MATERIALS AND METHODS
Sample collection. A total of 1155 capelin was analysed from 16 locations throughout the species' distributional range (Table 1) . The fish were collected by trawling or shore seine. The samples consisted of the heads, which were preserved in 96% ethanol, or of whole specimens preserved frozen at -80°C. Alaskan capelin (ALA, Table 1 ) was collected from several trawl hauls within the Shelikof Strait off the Alaska Peninsula. The trawl samples were pooled on board the ship. Two samples of capelin were obtained from the Northwest Pacific (Aniva Bay); one was collected at a spawning beach, the other by pelagic trawling off the coast of Aniva Bay. Samples were collected mainly at or near spawning grounds and comprised exclusively mature specimens. Capelin from Porsangerfjorden, North Norway (POR) and Jan Mayen, Greenland Sea (JMA and JMB) were sampled off the spawning grounds, but specimens were still adult individuals. Samples from Aniva Bay (ABA), Alaska (ALA), and Isfjorden, Svalbard (IFJ) were mixtures of mature and immature individuals. The sampling aimed at including a minimum of 50 specimens from each location. However, one sample from Jan Mayen (JMA), one from Newfoundland (Middle Cove, NFO), and the West Greenland (WGR) sample contained only 43, 31, and 48 specimens, respectively. DNA extraction and microsatellite amplification. DNA was extracted from 1 to 3 gill arches using the Proteinase K/salt-extraction protocol of Fevolden & Pogson (1997) . A total of 13 microsatellite loci was arranged in 3 multiplex reactions (Table 2 ) using a reaction volume of 10 µl. The amplifications of the microsatellite loci were performed by polymerase chain reaction (PCR) using a GeneAmp 2700 thermal cycler (Applied Biosystems). The PCR contained 20 to 50 ng of template DNA, 1× PCR buffer (50 mM KCl and 10 mM TRIS-HCl), 1.5 mM MgCl 2 , 0.4 mM dNTP, 0.075 to 5.0 µM of each primer (Table 2) , and 1 U AmpliTaq DNA polymerase (Applied Biosystems). The PCR profiles were identical for the 3 multiplexes and consisted of an initial denaturation step at 95°C for 10 min, followed by 40 cycles of 95°C for 20 s, 56°C for 30 s, and 72°C for 1 min, followed by a final elongation step of 10 min at 72°C. PCR products were mixed with deionised formamide/GeneScan 500-LIZ size standard (Applied Biosystems) and separated using an ABI 3100 automated sequencer (Applied Biosystems). The alleles were scored using the software GeneMapper 
Mav - (Weir & Cockerham 1984) between all samples were estimated and tested for statistical significance (10 000 permutations) using ARLEQUIN 3.01 software (Excoffier et al. 2005) . Sequential Bonferroni corrections were applied in all multiple comparisons following Rice (1989) . Two different methods were used to assess the power of the statistical tests for population differentiation, an approach similar to that used by Paetkau et al. (2004) and the procedure of Ryman & Palm (2006) . Both methods revealed power values close to 1 (≥0.94; details on data processing available from the authors on request), providing strong support for the heterogeneity observed. An assignment test was used to estimate scoring success within samples using GENECLASS 2.0 software (Piry et al. 2004) . Assignment success was calculated as the proportion of self-assigned individuals within each sample. Principal component analysis (PCA) performed by the software PCA-GEN 1.2.1 (available at: www2.unil.ch/popgen/softwares/pcagen.htm) was used to visualize the genetic structuring among samples. To estimate the assumed grouping of samples, 30 independent runs assuming number of populations (K ) from 2 to 6 were performed by STRUCTURE software (Pritchard et al. 2000) . The most likely (highest ln Pr[X |K]) grouping was tested using pairwise non-parametric Wilcoxon signed rank statistics applying 10 000 Monte Carlo simulations to obtain the significance. This information was utilised in a spatial analysis of the molecular variance (SAMOVA) (Dupanloup et al. 2002) using F ST as distance measure and 100 initial conditions. The geographic positions used were those listed in Table 1 , except for the pooled stations for which mean geographic positions were calculated for each pooled sample. To overcome the geometric problems that arise when employing circumpolar geographical positions we plotted the sample positions onto a map and drew a coordinate system upon it. Then new arbitrary coordinates were obtained and utilised in the SAMOVA analysis and in the subsequent identification of possible barriers (K = 4) to gene flow. Computation of barriers was performed by BAR-RIER 2.2 software (Manni et al. 2004) , first using the multi-locus F ST matrix, and subsequently by calculating F ST matrices for the 9 loci separately to obtain 'consensus barriers'.
RESULTS

Standard genetic measures
The allele permutation test showed that for 3 of the 9 loci, the observed R ST values were significantly higher than expected ( Table 2 ). The IAM-based F ST estimator was therefore used for pairwise population comparisons. The 16 samples were compared pairwise by F ST , and samples from the same geographical localities that showed non-significant genetic differences were pooled to increase statistical power in the subsequent analyses. The pooled samples were the 2 from Aniva Bay (F ST = 0.0059, p = 0.0187, non-significant after correction for multiple tests), the 2 from Newfoundland Table 1 ). A new pairwise F ST matrix was then calculated for the 12 pooled samples (Table 3) .
Standard genetic estimates such as average number of alleles and private alleles, expected heterozygosities and the inbreeding coefficient for each sample are summarised in Table 4 . Highest average numbers of private alleles per sample were found in ALA (0.7), BFJ (0.5), and WGR/BSE (0.4). Of 108 tests, 9 showed departures from the Hardy-Weinberg equilibrium, which is slightly above what is expected by chance. Observed number of alleles, allele size range, expected heterozygosity and variability observed for each locus across all samples are shown in Table 2 . The overall estimates of F ST per locus were in general high (0.0213 to 0.1654), with the exception of Mav-9 (F ST = 0.0061) and Mav-62 (F ST = 0.0060). All estimates were highly significant ( Table 2 ). The test for linkage disequilibrium revealed that 2 out of 432 tests demonstrated possible linkage, which is well within what is expected by chance.
Circumpolar genetic structure of capelin
The Pacific Ocean samples (ABA and ALA) displayed relatively strong and highly significant genetic divergence (Table 3) . Each of them seems clearly distinguished from samples within the Atlantic Ocean (F ST = 0.055 to 0.117). Profound genetic differentiation was also observed within the Northwest Atlantic (NFO and WGR); the NFO sample was in fact significantly different from all other samples (F ST = 0.069 to 0.113). Considerably lower, but highly significant, F ST values were calculated for pairwise comparisons between the West Greenland sample (WGR) and the Northeast Atlantic samples (Table 3) .
Within the Northeast Atlantic, there was, in general, less heterogeneity among samples, with the peculiar exception that the 2 Jan Mayen samples (JMA and JMB) differed significantly from one another (Table 3) , obscuring the genetic relationship between the Jan Mayen capelin and the other Atlantic samples. The JMA sample displayed significant F ST values in pairwise comparisons with all other Atlantic samples. Conversely, the JMB sample, collected only 2 wk later and in the same area, was not significantly different from any of the samples from the Barents Sea (BSE, BSW) or the 3 fjords in North Norway (BFJ, POR, and VAR), but diverged from the Svalbard sample (IFJ) ( Table 3 ). The Svalbard sample, on the other hand, exhibited significant F ST values when compared to the Barents Sea and Balsfjorden samples, but non-significant F ST values when compared to the 2 fjord samples from Finnmark (POR and VAR). No significant divergence was observed among the remaining Barents Sea samples (BSE and BSW) and samples from the fjords of North Norway (BFJ, POR, and VAR).
High self-assignment success was observed for the Pacific samples (ABA and ALA) and those from the Western Atlantic (NFO and WGR) compared with samples collected in the Northeast Atlantic (Table 5 ). In samples showing poor self-assignment success, most individuals were assigned to neighbouring populations within the same geographical area. The principal component plot showed that the samples from the Northeast Atlantic plus the West Greenland sample clustered in one group whereas the samples from Newfoundland, Alaska and Aniva Bay were segregated (Fig. 1) . Evidence that the samples could be clustered into 4 groups was provided by the hierarchical analyses in STRUCTURE and SAMOVA software (Table 6 ). All the Atlantic samples, with the exception of one from Newfoundland (NFO), were clustered into one group. This 4-group structure was utilised to estimate possible barriers to gene flow as illustrated in Fig. 2 . There was good agreement between barriers estimated by means of the multi-locus F ST matrix and the single-locus F ST matrixes.
DISCUSSION
In contrast to previous population genetic studies of capelin, our samples cover the entire distributional range (Fig. 1) showed that the samples from the Northeast Atlantic and West Greenland clustered into one group whereas the samples from Newfoundland, Alaska, and Aniva Bay each segregated into separate groups. The same structuring was displayed by hierarchical analyses in STRUCTURE and SAMOVA (Table 6 ) and by delineating possible barriers to gene flow (Fig. 2) . Various genetic distance measures were used to draw UPGMA and Neighbour-Joining topologies, all displaying support of the major structure revealed by the PCA plot (authors' unpubl. data).
The genetic isolation revealed for the above populations (ABA, ALA, and NFO) was not clearly reflected by the presence of excessive numbers of private alleles. The rarefaction procedure revealed that ABA, ALA, and NFO contained an average of 0.3, 0.7, and 0.3 private alleles, respectively. In the other regional groups, the average number of private alleles per sample varied from 0.1 to 0.5 (Table 4) . Thus, the presence of private alleles cannot be taken as evidence for population isolation in capelin. Nevertheless, there was high self-assignment success for populations ABA, ALA, and NFO (83 to 85%), which further supports the result obtained by hierarchical analyses. The sample from West Greenland (WGR) and samples within the Northeast Atlantic showed self-assignment success ranges of 11 to 40%, values which are lower than those revealed by comparisons of distinct populations of freshwater fishes (Sønstebø et al. 2007) (1), (2), (3), (5), (4, 6-12) 6 -47658.04 50.10 0.0607 0.0037 (1), (2), (3), (4), (5), (6-12) Table 1 ), where the most likely grouping was estimated by 30 independent runs and tested using pairwise non-parametric Wilcoxon signed rank statistics (mean rank) and the corresponding spatial analyses of molecular variance (SAMOVA) based on allele identity (F ST ) differences at each K. The bold values represent situations of K where ln Pr(X|K) was greatest (lowest negative value), highest mean rank score and where the variation between groups (F CT ) was maximised and the variation within groups (F SC ) was minimised marine fish, e.g. Atlantic cod Gadus morhua (Nielsen et al. 2001) . Our estimates, however, correspond well with recent reports on marine fishes that have a high potential for dispersal (Gilbert-Horvath et al. 2006 , O'Leary et al. 2007 ). None of these authors suggests implicitly that the failure to correctly assign individuals to their native population arises from the biological dynamics of these species. However, the combination of highly mobile individuals and huge population sizes within a relative small geographical area must induce admixture and thus lower the success of self-assignment within each sample. The results obtained here represent an example of the suggested mechanism. All samples from North Norway (both fjord and ocean capelin) had most of their individuals assigned to neighbouring populations (compare e.g. BFJ, BSE, BSW, VAR, and POR; Table 5 ). The spawning grounds used by the Barents Sea capelin may shift between eastern and western locations from year to year (Gjøsaeter 1998) . As a consequence, samples collected from different geographical locations in different years might comprise individuals (or offspring) originating from the same population. On the other hand, low selfassignment success by itself does not prove genetic similarity of populations. JMA and BSW had assignment estimates of 25 and 26% (Table 5) , respectively, but a highly significant pairwise F ST of 0.021 (Table 3) . The majority of the individuals within each of these samples were more likely to be assigned to populations with the closest genetic resemblance. This shows that low self-assignment success does not necessarily reflect genetic homogeneity as evident from hierarchical estimates, and points to the importance of carefully inspecting the assigned individuals within each sample. The samples analysed were collected over a period of 6 yr, close to the lifespan of capelin. We admit that the long sampling period cannot be excluded as a Table 1 contributory factor to the structuring revealed in our samples, e.g. within the Northeast Atlantic, for reasons given above. We believe that the circumpolar genetic population structure revealed is not confounded by sampling procedures. Given the generally huge population sizes of capelin, genetic drift is also considered an unlikely contributor to the structure revealed.
Genetic differentiation between the Pacific and Atlantic Oceans
The genetic divergence revealed between capelin in the Pacific and Atlantic Oceans supports earlier morphological comparisons of the species from these 2 ocean basins (Stergiou 1989 and references therein). Although capelin is capable of long-distance migrations (Behrens et al. 2006) , mixing of specimens between the 2 oceans, i.e. along the coasts of Arctic Canada and Russia seems unlikely since capelin is rarely encountered in high Arctic waters (Stergiou 1989) . On the other hand, a rise in sea temperature induced by global warming is likely to extend the geographical distributional range into the Arctic (Dunbar 1983) , altering the migration pattern and enhancing geneflow between the Pacific and Atlantic Oceans.
Genetic differentiation within the Pacific Ocean
Highly significant genetic divergence was detected between the samples from the eastern and western Pacific Ocean, and a high assignment success for both regions indicates minimal gene flow between the populations. The hierarchical analyses (STRUCTURE and SAMOVA) and BARRIER also suggested a division of the Pacific capelin into 2 separate groups (Table 6, Fig. 2) .
Capelin are distributed evenly across the Bering Sea (Brodeur et al. 1999) , so dispersal between the eastern and western Pacific is possible. Other studies have reported that the lifestyle of the Pacific capelin induces a separation into populations over small and large geographical scales (Naumenko 1996 , Brown 2002 , Velikanov 2002 . Hence, Velikanov (2002) was able to identify at least 4 reproductive units of capelin around Sakhalin Island on the basis of biological parameters and spatial distributions. Similar observations were reported by Naumenko (1996) within the western Bering Sea. Our results provide support for these earlier studies on a large geographic scale, and suggest that a more refined sampling programme is needed to resolve the genetic structure of the Pacific capelin on smaller geographic scales. In particular, sampling across the Bering Sea would provide useful information on mixing of the eastern and western Pacific capelin.
Genetic differentiation within the Atlantic Ocean
Within the Atlantic Ocean, there is little doubt that the Newfoundland capelin population is genetically differentiated from capelin in the remainder of the Atlantic Ocean. The Newfoundland capelin showed strong differentiation from the remaining part of the Atlantic Ocean in all statistical comparisons. This is in agreement with previous, but less extensive, population genetic studies (Payne 1976 , Dodson et al. 1991 , Birt et al. 1995 , Røed et al. 2003 .
Significant differentiation was observed between capelin from West Greenland and the remaining samples within the Atlantic Ocean, although the hierarchical analyses grouped this sample with capelin from the Northeast Atlantic Ocean (Table 6 , Fig. 2 ). Capelin is abundant along most of the West Greenland coast and up to Scoresby Sound on the Greenland east coast, where mixing with the Northeast Atlantic capelin populations may occur. Allozyme analysis showed that capelin from West Greenland may be composed of several genetically distinct populations (Sørensen & Simonsen 1988 ), but there is as yet no information available about the genetic relationship between capelin from West and East Greenland. However, the grouping of capelin from West Greenland with populations in the Northeast Atlantic indicates that gene flow may occur between these populations. This may be possible due to the spatial overlap between the East Greenlandic and Icelandic capelin (Friis-Rødel & Kanneworff 2002) , and also by the prevailing oceanographic features west and north of Iceland (Vilhjálms-son 2002) .
The possible divergence of capelin within the Northeast Atlantic Ocean remains less conclusive. None of the hierarchical tests showed evidence for any particular genetic structuring. The samples collected within the Barents Sea and the adjacent fjords in northern Norway did not differentiate. This indicates that extensive mixing takes place either at the feeding grounds or during larval drift from the spawning sites. Hence, several fjords in northern Norway (Balsfjorden, Porsangerfjorden, and Varangerfjorden) hold capelin all year round, and they may mix with the oceanic capelin during the spawning in spring.
Interestingly, the waters around Svalbard have previously been described as a potential feeding area for the Barents Sea capelin (Gjøsaeter 1998) , but the present data indicate that the capelin in Isfjorden can be considered as a differentiated population. Furthermore, the significant divergence between the Isfjorden sample and the 2 samples off Jan Mayen suggests that mixing of capelin between Svalbard and the Northeast Atlantic is modest. The peculiar difference between the 2 Jan Mayen samples remains intriguing. The geo-graphical location of the island is such, however, that migration of capelin seems possible both from more westerly (Greenland, Denmark Strait, Iceland) and easterly populations (central Barents Sea). A comparable divergence between 2 locations around Jan Mayen was reported for the deep sea shrimp Pandalus borealis (Martinez et al. 2006 ), indicating the presence of different hydrographical regimes within the Jan Mayen region.
There are few other genetic studies of marine organisms in the Northeast Atlantic with a distribution comparable to that of capelin. The Iceland scallop Chlamys islandic and deep sea shrimp are benthic as adults but have long-lived planktonic larval stages. Thus, their distribution and dispersal capacity are very much dependent on passive transport by prevailing oceanographic currents, and as such compare to the early life history of capelin. Populations of C. islandica in the Northeast Atlantic were suggested to be at least partially isolated from one another, and restricted gene flow was considered a likely contributor to the observed genetic structure in allozyme frequencies . Populations from Iceland and Jan Mayen, together with one north of Svalbard, were more similar to one another than they were to populations from the coast of northern Norway, the central (Bear Island) and eastern (Kapp Kanin) Barents Sea. In contrast, deep sea shrimp showed no significant heterogeneity at allozymic loci in a large number of samples from within the Barents, Svalbard and Jan Mayen waters (Drengstig et al. 2000) . Genetic differences were found, however, between the Norwegian fjords and the Barents Sea, probably due to restricted gene flow between fjords and the open sea (Drengstig et al. 2000) . RAPD analyses of a similar sample set also showed Jan Mayen shrimp to be different from the remaining Barents Sea samples (Martinez et al. 2006 ). The various scenarios seen for the Iceland scallop, deep sea shrimp, and capelin, all from the same geographical region, reflect the complex interactions between the duration of planktonic stages, dispersal capacity, and oceanographic features of the Northeast Atlantic. Thus, genetic structuring of capelin within a system as complex as the Northeast Atlantic Ocean cannot be ruled out. The microsatellite data, as yet, have given only qualified support for the true nature of this structuring.
It is noteworthy that the genetic structuring of capelin was revealed only over large geographical scales and not between populations displaying different reproductive modes, i.e. beach versus ocean spawners within geographical regions. Only from North Norway did we collect samples that allowed possible comparison of genetic differentiation between beach and ocean spawners (BFJ versus BSW and BSE).
None of the statistics showed any indication of genetic divergence between those samples, providing no evidence of a genetic component to the reproductive mode. This is in accordance with earlier studies of capelin in Norwegian waters (Mork & Friis-Sörensen 1983) and in the Northwest Atlantic Ocean (Dodson et al. 1991) .
Based on mtDNA studies, Dodson et al. (1991 and Birt et al. (1995) reported a divergence between a western and an eastern clade of capelin in the Atlantic. Using an evolutionary rate of 2% nucleotide substitution per million yr (based on estimates in birds and mammals), Dodson et al. (1991) found that the 2 clades diverged 1.75 million yr ago (mya). By applying the same nucleotide substitution rate in the sequence divergence estimates obtained by Birt et al. (1995) , we calculated the times of divergence to be 2.84 mya (their RFLP data) and 0.95 mya (sequencing of cytochromeb). However, divergence times obtained from molecular clocks must be considered imprecise when using estimates from other species (Pulquério & Nichols 2007 , Xu et al. 2006 . Moreover, various molecular methods may differ up to 20-fold in estimates of evolutionary event timing (Pulquério & Nichols 2007) . The divergence time between the 2 suggested capelin clades (see above) varies 3-fold. Since the data have not yet been compared with fossil records, reported time estimates of the evolutionary rate for capelin must be considered provisional, at best. Due to the effect of sequence saturation, the suggested time of divergence may be overestimated (cf. Arbogast et al. 2002) . Microsatellite data have been less frequently used for estimates of molecular clocks than mtDNA. Almeida et al. (2005) presented a formula for estimating divergence time of populations based on microsatellites using the distance δµ 2 , which take into account the SMM. The allele permutation (see above) showed that our data follow IAM, not SMM, and is inappropriate for our data. Thus, the evolutionary history of capelin has yet to be revised.
Management implications
Capelin displays a vast phenotypic plasticity in life history traits (Stergiou 1989) . However, phenotypic plasticity does not necessarily reflect genetic structuring in fishes (Conover et al. 2006) . Knowledge of the genetic population structure is a prerequisite for any sustainable management of exploited fishes and a genetically based fisheries management has started to emerge e.g. for the Atlantic cod Gadus morhua (O'Leary et al. 2007 , Westgaard & Fevolden 2007 . The general biology and trophic ecology of capelin are well studied (e.g. Gjøsaeter 1998 ). This is in marked contrast to the genetic information, which is still scarce and fragmentary and, consequently, present management practices employed for capelin are based solely on ecological peculiarities of stocks rather than population genetic structuring (Gjøsaeter 1998 ).
In conclusion, we present the first large-scale overview of the genetic structuring in capelin throughout its distributional range and identify 4 geographic regions each with genetically distinct populations. The development of genetic tools is growing fast and further investigations into the genetic structuring of capelin should address small-scale variations within the geographic regions we have identified and, in particular, the relationship between evolutionary process and reproductive modes, i.e. beach versus ocean spawners. 
